Altered hemodynamics associated with twin to twin transfusion syndrome (tttS) can be manifested in the fetal and neonatal heart. this study evaluated the association between cardiac manifestations immediately after birth and brain injury in preterm infants with tttS. Medical records of preterm infants who were born at <35 weeks of gestation with TTTS and admitted to the neonatal intensive care unit at Seoul National University Children's Hospital between January 2011 and January 2018 were reviewed. tttS was prenatally diagnosed and staged according to the Quintero criteria. echocardiographic findings, brain ultrasound and MRI imaging findings were analyzed. Fifty-three infants were enrolled in this study. Thirty-two infants (60.3%) were treated by fetoscopic laser coagulation. Brain injury developed in 15 infants (28.3%). Hypotension within the first week and immediate postnatal cardiac manifestations were more prevalent in the brain injury group. in the multivariate analysis, acute kidney injury and cardiac manifestations, such as ventricular dysfunction and tricuspid regurgitation, were statistically associated with brain injury in the study population. immediate postnatal cardiac manifestations, such as ventricular dysfunction and tricuspid regurgitation, can serve as surrogate markers for perinatal hemodynamic disturbance, which are associated with early neonatal brain injury in preterm infants with tttS.
Twin to twin transfusion syndrome (TTTS) occurs in 10 to 15% of monochorionic twin gestations 1 . The pathophysiology of TTTS is intertwin blood transfusion through a placental vascular anastomosis 2 . As a result of hemodynamic imbalance and prematurity, newborns with TTTS experience various comorbidities and high mortality 3 .
Brain injury is an important comorbidity associated with long-term sequelae in TTTS. The incidence of brain injury in TTTS is 3~41% [4] [5] [6] . Low gestational age at birth is an important risk factor for long-term neurodevelopmental impairment in TTTS treated with fetoscopic laser surgery 7 . However, risk factors for perinatal brain injury in TTTS have not been clearly elucidated. A prospective study comparing TTTS and dichorionic twin neonates reported that only gestational age was a significant risk factor for severe cerebral lesions 8 . Several twin studies have implicated intrauterine hemodynamic disturbances as risk factors for brain injury in TTTS. In a systematic review of several monochorionic twin studies, abnormal umbilical artery Doppler findings and larger twins were associated with severe cerebral injury 9 .
TTTS is recognized as a cardiovascular disease of twins based on unequal circulating volumes with hypervolemia in the recipient and hypovolemia in the donor fetus. As a result, functional cardiovascular changes can be manifested starting in the early stage of TTTS 10 . These changes can further lead to the development of structural heart disease, which may present as various cardiac manifestations before and immediately after birth.
Discussion
In the present study, cardiac manifestations immediately after birth were independently associated with perinatal brain injury in premature infants with TTTS, regardless of whether the infant was the donor or recipient. Gestational age at diagnosis of TTTS and Quintero stage were not associated with perinatal brain injury. However, postnatal manifestations implicating perinatal hemodynamic imbalance, such as AKI and hypotension, were associated with perinatal brain injury.
Chronic volume inequality in TTTS can cause both functional and acquired structural cardiac anomalies 11, 12 . These changes can start very early in the disease process 13 and may be demonstrated in the earliest stage of TTTS 11 , even before TTTS is diagnosed 14 . For the recipient, the preload volume is increased, with significantly higher cardiac output 15 , and the afterload is increased in the form of increased resistance and fetal hypertension, attributed to the presence of vasoactive mediators such as endothelin 16 . Eventually, decreased forward blood flow through the right side of the heart can cause right ventricular outflow track obstruction (RVOTO) 17 . For Donor (n = 23) Recipient (n = 30) p value www.nature.com/scientificreports www.nature.com/scientificreports/ the donor, decreased blood volume results in diminished left-side cardiac output, and hypoperfusion stimulates upregulation of the renin-angiotensin system to attempt to maintain perfusion, which results in increased vascular resistance with smooth muscle hypertrophy and may lead to intrauterine growth restriction, cerebral redistribution and abnormal arterial Doppler assessment 18 . In contrast to recipient twins, acquired cardiac manifestations of the donor twin are rare. In our study, there were cardiac manifestations in 47.8% of donor twins and 86.7% of recipient twins. Severe forms of cardiac involvement, such as outflow tract stenosis, occurred only in the recipient twins (13.8%).
Brain injuries in twin pregnancy are attributable to hemodynamic and hematological disorders; 30~60% of brain injuries occur during the antenatal period 8, 19, 20 . During fetal life, hemodynamic instability may trigger both high flow lesions and low flow lesions that occur in utero as a result of ischemic or hemorrhagic events 21, 22 . A retrospective study of TTTS with serial echocardiography reported that diastolic dysfunction and cerebroplacental redistribution precede findings of overt cardiomyopathy in recipient twins with early stage TTTS. This might contribute to brain injury despite the successful treatment of TTTS 23 . In the present study, brain injury was not associated with treatment outcomes or the timing of treatment. Rather, immediate cardiac manifestations, as surrogate markers for acute or chronic hemodynamic disturbances of TTTS during the fetal period, especially ventricular dysfunction and TR, were associated with brain injury.
Furthermore, morbidities in the immediate postnatal period reflecting hemodynamic disturbances in the fetal period were analyzed in the present study. Newborns with TTTS may experience hemodynamic instability after birth; 30~70% of brain injuries occur during the postnatal period 5, 24 . In the present study, one-third of the study population experienced hypotension during the first week of life, and 17% of the study population had AKI. Interestingly, AKI was associated with brain injury, and postnatal hypotension tended to be associated with brain injury with borderline significance.
The mechanism of decreased renal function in the donor is thought to be secondary glomerular and tubular damage due to hypoxic-ischemic injury and chronic renal parenchymal deterioration 2 . AKI was observed in the recipients in this study, which is consistent with previous studies 25 . In our study, Quintero stage was not associated with brain injury. Recent studies have reported that a higher Quintero stage was not a risk factor for cerebral injury after fetal laser surgery 8, 26 . Although staging is based on abnormal Doppler findings, it does not quantify the cardiac involvement of TTTS. The Children's Hospital of Philadelphia (CHOP) cardiovascular score includes several fetal cardiac findings, and one study shows that the CHOP stage is more accurate than the Quintero stage for predicting brain injury or neurodevelopmental outcomes in TTTS. It aims to systematically and objectively calculate hemodynamic changes in the fetus 17 .
This study has certain limitations. It was retrospectively designed at a single center, and we included patients who were admitted to the NICU. Newborns who were born after 35 weeks of gestation, weighed at least 1,800 grams at birth and were healthy in the delivery room are not admitted to the NICU at our hospital. We speculated that there was an association between postnatal cardiac manifestations and brain injury among survivors of TTTS; therefore, other important pregnancy outcomes of TTTS, such as fetal demise, were not considered in our study. Moreover, fetal echocardiography and fetal brain imaging were not analyzed in this study because they were not conducted in the course of routine antenatal care.
In conclusion, this is the first study to report that immediate postnatal cardiac manifestations, such as ventricular dysfunction and TR, and early postnatal systemic signs implicating hemodynamic disturbances, such as AKI and postnatal hypotension, are associated with perinatal brain injury of TTTS. Further studies including fetal echocardiac findings and fetal brain imaging might elucidate this association more clearly. 
Materials and Methods
Maternal and neonatal medical records of preterm infants with TTTS who were born at <35 weeks of gestation and were admitted to the neonatal intensive care unit at Seoul National University Children's Hospital between January 2011 and January 2018 were reviewed. TTTS was prenatally diagnosed using antenatal ultrasound and staged according to the Quintero criteria 27 . The highest stage of TTTS during pregnancy was analyzed irrespective of treatment modalities and responses. Data pertaining to gestational age at diagnosis of TTTS, gestational age at delivery, TTTS stage at treatment, and the treatment method were collected. Birth weight, hemoglobin level at birth, and serum creatinine level during the first week were reviewed. First brain ultrasounds (US) were performed within 24 hours after birth by experienced pediatric radiologists who were blinded to the patient details and thereafter according to the clinical protocol (one or two more times by end of the first week, followed by at least once every two weeks). Brain MRI was performed within 7 days after birth when serious hypoxic insult was suspected on brain US. The first postnatal echocardiography was performed within 48 hours after birth by experienced pediatric cardiologists blinded to the clinical information.
Hypotension was defined as low blood pressure for which inotropic medication was given during the first week. Treatment failure was defined as disease progression or the need for further treatment despite amnioreduction or fetoscopic laser coagulation. Postnatal morbidities, including RDS, BPD, NEC, PDA, sepsis, and No brain injury (n = 38) Brain injury (n = 15) p value Table 4 . Logistic regression analysis of risk factors for brain injury in TTTS. a adjusted for gestational age, Quintero stage, acute kidney injury, hypotension, cardiac manifestation. b adjusted for gestational age, Quintero stage, acute kidney injury, hypotension, ventricular dysfunction, tricuspid regurgitation.
